We measured the perceived direction of one motion component as a function of the contrast and speed of a second component for three pattern classes: plaids with two different spatial frequency components, multi-aperture patterns, and contrast-modulated (CM) patterns. The components were moving at +63.4 or +71.6 deg to the vertical, angles where motion transparency always occurred under our conditions. For multi-aperture and CM patterns on a single spatial scale, the components were perceived to deviate from the component motion directions by up to 20 deg at high contrasts or high speeds of the second component. However, for plaids with components on different spatial scales, the test components were perceived moving in the component directions regardless of the contrast or the speed of the second component. Our data show that this direction repulsion between components occurs within a single spatial scale but not between widely separated spatial scales. This implies that two different mechanisms are involved in motion transparency.
INTRODUCTION
Interest in motion transparency has increased in recent years (e.g. Stoner et al., 1990; Jasinschi et al., 1992) . However, the underlying mechanism has not yet been fully explored. In this paper we propose two possible mechanisms for motion transparency: one operating on a single spatial scale and one operating between different spatial scales.
We have previously reported that motion transparency for plaids with components of very different spatial frequencies (e.g. 1 and 6 c/deg) depends on the relative component motion directions (Kim & Wilson, 1993) . When the angular difference between two components is >90 deg, one perceives motion transparency, but when it is <90 deg, the motion is coherent. It has also been shown that motion transparency is independent of contrast and speed of the components over a broad range. These observations were explained with a quantitative model incorporating multiplicative facilitation between pattern motion units on different spatial scales. Facilitation from pattern motion units on each scale is restricted to units tuned to similar directions (within ±30 deg). Thus, we conjectured that the absence of facilitation across scales at large angular difference between components results in motion transparency for plaids with very different spatial frequency components.
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ency for plaids with components of identical spatial frequencies. It has been reported by many researchers that these plaids appeared to move coherently even at large component angles [e.g. 135deg (Adelson & Movshon, 1982) ] over a range of contrasts and speeds. One noteworthy point here is that these plaids generate a non-Fourier motion component in addition to the Fourier motion components (see Appendix A). This has the effect of reducing the angle among components by one-half, as the non-Fourier component usually falls midway between the Fourier components. Thus, data obtained with conventional plaids never contain components whose motion directions differ by more than 90 deg if both Fourier and non-Fourier components are considered (Wilson & Kim, 1994b) . If one wishes to examine the hypothesis that motion transparency for plaids depends on the angle among component directions, therefore, it is necessary to devise a stimulus that generates no further non-Fourier components. This cannot be done with a conventional plaid composed of two cosine gratings, as it always generates a non-Fourier motion component, thus effectively reducing the angular difference between components. However, multi-aperture patterns in which the two Fourier components are allocated to different apertures so that they never intersect do not produce the interference patterns that generate non-Fourier motion components. Thus, the angle between motion components in these patterns is uniquely determined by the Fourier component directions. Similarly, contrast-modulated (CM) patterns containing only non-Fourier motion components generate no further non-Fourier components, 1177 so here again the stimulus contains only the component directions. This study therefore focuses on multi-aperture and CM pattern motion in order to explore the nature of motion transparency within a single spatial frequency scale. For multi-aperture patterns which consist of circular apertures each containing a bar moving in one of two different directions (see Fig. 2 ), there are only Fourier components moving in two posible directions, as the components do not intersect to form an interference pattern. Due to this lack of spatial overlap of the components, no non-Fourier motion component is produced by these patterns. Multi-aperture patterns were first employed by Mingolla et al., (1992) , although they were not described in these terms by the authors. A onedimensional CM pattern consists of a static high frequency carrier with a low frequency moving contrast modulation envelope (Turano & Pantie, 1989; Turano, 1991; Pantie, 1992; Wilson & Kim, 1994a) . A twodimensional CM pattern can be constructed by superimposing two of these CM patterns at different orientations. As described in Appendix II, these patterns generate no further Fourier or non-Fourier motion components.
We have previously observed that both multi-aperture and CM patterns move coherently at <90 deg angular differences between the component directions, but the motion becomes transparent at angular differences >90 deg (Kim & Wilson, 1993) . This result holds true even though the spatial frequency of the components is identical. The results are summarized in Fig. 1 . Only the observations for motion transparency of multi-aperture patterns on a single spatial scale are shown, as those for CM patterns are indistinguishable.
These results strongly suggested that motion coherence and transparency, both on a single spatial scale and on different spatial scales, are determined mainly by the maximum angular difference between any two adjacent components, no matter whether they are Fourier or nonFourier motion components. However, this raises the question: when motion transparency occurs on a single spatial scale, are there any interactions between components? Two lines of evidence suggested that transparent motion on a single spatial scale might activate inhibitory mechanisms. First, extension of a previous motion model (Wilson, 1992) to predict motion transparency invariably led to predictions of motion repulsion when components were of the same spatial frequency. In addition, a clue emerged from our previous study (Kim & Wilson, 1993) . Subjects reported that the components of a transparent pattern on a single scale appeared to move almost horizontally when the component directions were +63.4 or ±71.6 deg. In other words, the perceived direction of the --63.4deg component, for example, was repelled from its component direction to almost -90 deg. As the perceived directions of the components were pushed apart, we referred to this phenomenon as motion or direction repulsion. However, subjects did not report this phenomenon when the components were on very different spatial scales. These observations suggested that the nature of motion transparency on a single spatial scale might differ from transparency across different spatial scales. Motion repulsion has been reported in several previous studies employing random dot stimuli (Marshak & Sekuler, 1979; Mather & Moulden, 1980; Snowden, 1989) . However, these were all broadband stimuli, so any dependence on spatial scale could not have been determined.
We accordingly investigated this phenomenon systematically in the present study. Specifically, we examined the perceived motion direction of components when motion transparency was produced at large angular differences between two components on a single spatial scale as opposed to different spatial scales. For this purpose, we constructed three types of patterns: plaids with different spatial frequency components (1 and 6 c/deg), multi-aperture patterns on a single spatial scale, and two-dimensional CM cosine plaids. As described above, all three patterns are perceived to move transparently at relative component angles >90 deg. For these patterns, we measured the perceived motion direction of one component (test component) as a function of the contrast and speed of the second component at ±63.4 or 5:71.6 deg component directions. Direction repulsion was observed between components on a single spatial scale, but not between components on widely different spatial scales. This result suggests that repulsive inhibition operates between transparent components on a single scale, but not between different spatial scales. It may be concluded that two distinct processes result in motion transparency at large angles. For patterns on a single spatial scale containing only Fourier or non-Fourier motion components, inhibition between pattern motion units causes motion transparency, while for patterns on different spatial scales, there is no such inhibition.
METHODS
All of our experiments were performed using a Macintosh Ilfx computer and an Apple high-resolution monochrome monitor with a 66.7 Hz frame rate. The spatial resolution of the display was 640 pixels wide x 480 pixels high, and the luminance of each pixel was resolved with 8-bit accuracy. The mean luminance was 30.5 cd/m 2. Pattern motion was generated by using the technique of color table animation that has been described in detail elsewhere (Kim & Wilson, 1993) . This animation made patterns appear to move smoothly and continuously.
Three different pattern classes were used for the experiments: (1) plaids with different spatial frequency components (1 and 6 c/deg); (2) multi-aperture bar or cosine grating patterns; and (3) two-dimensional CM cosine grating patterns. The size of the circular plaid was 7.6 deg in diameter at the viewing distance of 1 m [ Fig.  2(A) ]. For a multi-aperture pattern, 60 small apertures, 0.5 deg in diameter, were arranged in a hexagonal array. The apertures were separated by gaps which subtended 0.34 deg. Each aperture contained a bar or cosine grating moving in one of two directions. The speed of all bars or cosine gratings moving in a single direction was identical, but the phase within each aperture was randomized. The motion of each bar or cosine grating was visible only through the apertures. When a bar or cosine grating reached the aperture boundary, it disappeared. The bars at one orientation were black (4.0 cd/m2), while those at the other orientation were white (56.9 cd/m 2) relative to the mean luminance background [ Fig. 2(B) ]. The reason for using two different luminance bars at different orientations was simply to help subjects to differentiate the test component more easily. Using identical luminance for bars did not affect the results of motion transparency (see Fig. 1 ) or the present studies. As a CM pattern, we chose a static 10.4 c/deg carrier with a moving 1.3 c/deg contrast modulation envelope. This stimulus is defined by the equation:
where ~VM and ~H are the spatial frequencies of the contrast modulation envelope and the high frequency carrier respectively, x is the spatial position, and v is the speed of the CM envelope. Two-dimensional CM patterns were constructed by superimposing two of these components [ Fig. 2(D) ]. The component directions used in all experiments were +63.4 and ±71.6 deg, where the upward direction was defined as 0 deg. In a first experiment, we measured the perceived motion direction of one of two components (test component) as a function of the contrast of the second component for plaid and multi-aperture bar pattern. For examining contrast effects, the test component was fixed at 25% (plaid) or 50% (multi-aperture bar) contrast, and moved at 1.5 deg/sec. The second component also moved at 1.5 deg/sec but its contrast varied from 0 to 50% (plaid) or 100% (multi-aperture bar) in different trials. In a second experiment, we measured the perceived motion direction of a test component as a function of the speed of the second component for plaid and multi-aperture bar patterns. To study speed effects, the test component was fixed at 1.5 deg/sec speed and 25% (plaid) or 50% (multiaperture bar) contrast, while the speed of the second component was changed from 0.5 to 2.5 deg/sec in different trials at the same contrast. In each experiment, five different contrasts or speeds, the mean of which was the same as the contrast or the speed of the test component, were used for the second component. In a third experiment, we changed the speeds of the test components of multi-aperture bar patterns to 2.5 or 3.5 deg/sec in different sessions and measured their perceived motion direction.
To disentangle the confounding factor of spatial overlap in plaids and multi-aperture bar patterns, we constructed multi-aperture grating patterns with different spatial frequency components or identical components instead of multi-aperture bar patterns, and measured the perceived motion direction of the test component as a function of the contrast (fourth experiment). Other conditions were identical to those employed with plaids and multi-aperture bar patterns. In a final experiment, we used CM patterns and repeated the measurements in Expts 1 and 2. For examining contrast effects, the test component of the CM pattern was fixed at 50% contrast, and moved at 3.5 deg/sec. The second component also moved at 3.5 deg/sec but its contrast varied from 0 to 50%. For studying speed effects, the test component was fixed at 3.5 deg/sec speed and 50% contrast, while the speed of the second component was changed from 1.5 to 5.5 deg/sec in different trials at the same contrast. One author and two naive subjects participated in all experiments, except the final experiment. One author and one naive subject participated in the final experiment. The subject initiated each trial by pressing the start button, which caused a moving pattern to be presented for a duration of 1 sec. After each pattern presentation, a pointer appeared on the screen, and subjects adjusted its orientation using the mouse to point along the direction of perceived motion of the test component. Subjects were informed which component would serve as the test component before the session started. Each of the five different contrasts or speeds was presented 20 times in random order, and thus one session consisted of 100 trials. Each subject repeated the whole session at least twice. The subject's head was positioned in a chin rest, and he viewed the display monocularly with the unused eye covered. Subjects were instructed to fixate the center of the screen, where a central fixation point was used to minimize eye movements.
RESULTS
All experiments were designed to determine the perceived motion direction of components in motion transparency. The components of the patterns used in the experiments were always perceived to slide transparently over each other as the component directions were -1-63.4 and ±71.6 deg (Kim & Wilson, 1993) . The subjects, therefore, could easily report the perceived motion direction of either component. In pilot observations, there was no difference in the magnitude of the effect in positive and negative directions for the perceived motion of the components of plaid and multi-aperture patterns. Thus, we moved the low spatial frequency cosine grating or black bar in the positive direction, and moved the high spatial frequency cosine grating or white bar in the negative direction.
In the first experiment, we measured the perceived motion direction of the test component as a function of the contrast of the second component. Two different patterns were used: plaids on different spatial scales (1 and 6 c/deg) [ Fig. 2(A) ] and multi-aperture bar patterns on a single scale [ Fig. 2(B) ]. The test component was fixed at 25% (plaid) or 50% (multi-aperture bar) contrast, and moved at 1.5 deg/sec. The second component also moved at 1.5 deg/sec but its contrast varied from 0 to 50% (plaid) or 100% (multi-aperture bar). (Note that the component contrasts in the plaid are limited to half the maximum of bars in the multi-aperture pattern, because the plaid components overlap and thus add when at the appropriate phase.) Perceived direction of motion for three subjects is plotted as a function of the contrast of the second component in Figs. 3 (±63.4deg) and 4 (i71.6deg). As there was no significant difference between the high and low spatial frequency cosine grating or the black and white bar as the test component, data from these two components have been pooled. contrast, but again this deviation vanished at low contrasts. For plaids, however, the test components were perceived moving in approximately the component directions independent of the contrast of the second component at both +63.4 and 5:71.6 deg. As multiaperture bar patterns stimulate the same range of spatial scales, while these plaids stimulate very different spatial scales, these results suggest that there is a direction repulsion between components on a single scale when they are perceived to move transparently, but no repulsion between components on widely separated spatial scales.
In the second experiment, we measured the perceived motion direction of the test component as a function of the speed of the second component. Plaids and multiaperture bar patterns were also used. The test component was fixed at 25% (plaid) or 50% (multi-aperture bar) contrast, and moved at 1.5 deg/sec. The second component varied from 0.5 to 2.5 deg/sec at 25% (plaid) or 50% (multi-aperture bar) contrast. All three subjects' data were pooled because they showed very similar responses in each condition. Average data across subjects are, therefore, plotted as a function of the speed of the second component in Fig. 5 . Figure 5(A) shows the results for +63.4deg component directions and Fig. 5(B) for i71.6 deg. The solid and dashed lines in both graphs represent the results for multi-aperture bar patterns and plaids, respectively. Error bars plot between-subject SDs. Direction repulsion between components was a linear function of second component speed, with maximum repulsion when the second component was at high speed for multi-aperture bar patterns but no repulsion at low speed. Maximum deviations from the component motion directions were 18 and 13 deg for i63.4 and ±71.6 deg component directions, respectively. For plaids on different spatial scales, however, the test components were perceived moving in virtually the same direction independent of the speed of the second component. The perceived directions were not exactly the component motion directions, though. There seems to be a residual attraction between two components of plaids on different spatial scales. As shown in Fig. 5 , this amounted to 7 and 8 deg for +63.4 and ±71.6 deg component directions.
That is, the ±63.4 deg plaid components were consistently perceived to be moving at ±56 deg, and the ±71.6deg plaid components were perceived to be moving at ±64 deg. Both the fact that this effect was an attraction rather than a repulsion, plus the fact that it was independent of second component speed, argue that these plaids exhibit a qualitatively different form of motion transparency than do multi-aperture patterns.
To see whether the motion repulsion found in previous experiments would occur at different speeds of the test component, we measured the perceived motion directions of the test components at 2.5 and 3.5 deg/sec in the third experiment using multi-aperture bar patterns on a single scale. The speeds of the second components also varied accordingly. The results are represented in Fig. 6 . Average data across three subjects for the perceived direction of the test component are plotted as a function of the speed of the second component. respectively. They were also 15 and 12 dog at 3.5 deg/sec test speed. As the general trend of direction repulsion was similar in all speed conditions of the test component, these results show that direction repulsion is a linear function of the speed of the second component relative to the speed of the test component. All data presented to this point were obtained using multi-aperture bar patterns that stimulated a common range of spatial scales and plaids with components on very different spatial scales. One might, therefore, argue that direction repulsion does not result from stimulus spatial scale but rather from lack of spatial overlap, as components in plaids were spatially superimposed but those in multi-aperture bar patterns were not. To determine whether spatial overlap or spatial scale was critical to direction repulsion between components, we measured the perceived motion directions using spatially non-overlapping multi-aperture grating patterns on a single scale (1.3 and 1.3 c/dog; 5.2 and 5.2 c/dog) or on different spatial scales (1.3 and 5.2 c/dog) [ Fig. 2(C) ] in the fourth experiment. As in Expt 1, contrast of the second component varied from 0 to 100% at 1.5 dog/see speed with the test component fixed at 50% contrast and 1.5 deg/sec speed. Average data across three subjects are presented in Fig. 7 . For simplicity the data for a single high spatial scale (5.2 and 5.2 c/dog) are not shown, but they were very similar to the data for a single low spatial scale (1.3 and 1.3 c/dog). Figure 7(A) shows the results for +63.4 dog component directions and Fig. 7(B) for +71.6 deg. The solid and dashed lines in both graphs represent the results for multi-aperture grating patterns on a single scale and on different spatial scales, respectively. Error bars plot between-subject SDs. For the ±63.4 dog pattern, the perceived component motion direction increased from 59 to 74 dog for a maximum repulsion of 15 deg as second component contrast increased. Similarly, perceived direction increased from 64 to 80dog for a maximum repulsion of 16dog in the +71.6 dog condition. Although perceived directions in the zero contrast case slightly underestimated the true directions (i.e., 59 vs 63.4 dog and 64 deg vs 71.6 dog), the measured deviations are in qualitative agreement with the results of the previous experiments. When the two components had spatial frequencies separated by two octaves, however, there was never any evidence of motion repulsion. Therefore, this experiment clearly shows that stimulus spatial scale, not component spatial overlap, is the determining factor for motion repulsion.
It is not clear in Expt 4 why the perceived test direction was shifted toward the diagonal (45 deg) at 0% contrast of the second component for a single spatial scale, while it was perceived to be moving in the component direction for different spatial scales. An unpaired t-test for this condition showed a significant difference, especially at +71.6 dog (P<0.03). As this might reflect a form of oblique effect for motion direction, a control experiment was conducted. This experiment rotated all components by 71.6 deg so that the test component moved vertically. Although non-zero contrasts of the second component produced the same degree of motion repulsion as before, in the zero-contrast condition the test component was accurately perceived to move vertically. Thus, this suggests that there is a small oblique bias for the perceived directions of the test components in the zero contrast condition of this experiment.
As emphasized earlier, there are only two Fourier motion components but no non-Fourier motion component for multi-aperture patterns. The previous experiments showed that there is a direction repulsion between Fourier components in motion transparency. This led us to ask whether there is also direction repulsion between non-Fourier components in motion transparency. As a non-Fourier pattern, we constructed CM patterns with a 10.4 c/deg carrier and a 1.3 c/dog contrast modulation envelop [see Eqn (1)]. Several studies have demonstrated that these patterns are effective non-Fourier motion stimuli (Chubb & Sperling, 1988; Chubb & Sperling, 1989; Turano & Pantie, 1989; Pantie, 1992; Wilson & Kim, 1994a) . We previously reported that components of CM plaids are perceived to move transparently at >90 deg angular difference between component directions (Kim & Wilson, 1993) . In the final experiment, CM plaids were employed using the same paradigm as in Expts 1 and 2. For examining contrast effects, the test component of the CM pattern was fixed at 50% contrast, and moved at 3.5 deg/ sec. The second component also moved at 3.5 deg/sec but its contrast varied from 0 to 50%. These contrast values refer to the contrast of the moving modulation envelope. For studying speed effects, the test component was fixed at 3.5 deg/sec speed and 50% contrast, while the speed of the second component was changed from 1.5 to 5.5 deg/ sec in different trials at the same contrast. Perceived direction of motion for two subjects is plotted as a function of the contrast and speed of the second component in Figs where there is a direction repulsion between components on a single spatial scale but no repulsion on widely different spatial scales in motion transparency. Thus, the result of the final experiment again shows that stimulus spatial scale is a determining factor for motion repulsion, independent of spatial overlap.
DISCUSSION
Under conditions of motion transparency, our data demonstrate that for moving components with the same spatial frequency content, the perceived motion direction of the test component deviates as the contrast or the speed of the second component increases. For patterns with components of very different spatial frequency content, however, there is no such direction repulsion regardless of the contrast or the speed of the second component. This direction repulsion occurs for both multi-aperture and CM patterns on a single spatial scale in motion transparency.
Direction repulsion has been reported in several previous studies (Marshak & Sekuler, 1979; Mather & Moulden, 1980; Snowden, 1989) , where only random-dot patterns were used. These studies reported repulsion that averaged 17.5 deg, which is similar to the magnitude of our effects. As the random-dot components in previous studies always stimulated common spatial scales, their data are consistent with our single scale results. Our experiments extend and clarify this observation that spatial scale of components is a critical factor for motion repulsion in motion transparency, by systematically examining three different pattern classes on different spatial scales as well as on a single spatial scale.
As described previously, motion transparency for patterns on widely different spatial scales can be explained by a quantitative model in which the resultant motion on each scale provides a facilitative biasing signal to units tuned to similar directions (within ±30 deg) on other scales (Kim & Wilson, 1993) . The model is an extension of the Wilson et al. (1992) model for twodimensional motion on a single spatial scale. All processing up to the final pattern motion stage in the model, therefore, is identical to that of the Wilson et al., model. In the model, the moving stimulus is processed in parallel by two motion pathways (the Fourier and the non-Fourier motion pathways). The key conceptual point of the model is the vector sum combination of the Fourier motion components plus the non-Fourier motion components generated by full-wave rectification or squaring. However, it should be emphasized that for plaids with components on widely different spatial scales, there is no non-Fourier motion component. As both pathways include initial spatial filtering of the visual image by bandpass filters with different spatial frequency tuning, each component will stimulate a different size filter, and thus motion processing for each component occurs in parallel on different spatial scales. Although the squaring operation for each component in the non-Fourier motion pathway still generates two gratings of new spatial frequencies, they have spatial frequencies twice as high as the original components, and will fail to generate a response in the low-pass second stage filter. Thus, for plaids with components on very different spatial scales, only Fourier component motion signals will be generated. Motion coherence and transparency, therefore, are determined solely by the angle between Fourier motion components.
The extended model for motion coherence and transparency on different spatial scales (Kim & Wilson, 1993) predicted that for small angular difference between component directions, the maximum response occurs at the units signaling the same direction on both scales as a result of the facilitative interaction across scales, and thus the resultant motion will be coherent. For large angular difference, however, the maximum responses of the units are bimodally distributed (Jasinschi et al., 1992; Kim & Wilson, 1993) , and the perceived motion directions of components on different spatial scales will not deviate from the component motion directions because the interaction across scales does not extend to large angles.
As our data showed that there is motion repulsion on a single spatial scale but not on different spatial scales, it appears that a different mechanism is involved in motion transparency on a single spatial scale. As mentioned earlier, plaids on a single spatial scale are generally perceived to move coherently because they generate nonFourier components moving in directions halfway between the components, and this halves the angular differences. However, multi-aperture patterns are perceived moving transparently at large angular differences between components because there are no non-Fourier motion components due to lack of spatial overlap between the components.
One point is worth mentioning here. Although the component motions were spatially separated in the multiaperture patterns, it was assumed that the component responses from several adjacent apertures are spatially pooled within individual motion receptive fields. This assumption is supported by psychophysical data indicating that multi-aperture patterns do produce coherent motion perception when the angular differences in component motion direction are small (Kim & Wilson, 1993) . Further support is provided by physiological findings that receptive fields of the cells in MT are approximately 10 times the diameter of those in V1 (van Essen, 1985; van Essen et al., 1992) . Therefore, motion transparency at large angles cannot be attributed to lack of interactions across the space between apertures.
CM patterns, which contain only non-Fourier motion components (see Appendix B), are also perceived to move transparently at large angles. Therefore, motion coherence or transparency on a single spatial scale is determined only by the angle between the non-Fourier motion components in CM patterns. When CM patterns move transparently, our data again showed that there is a shift of perceived component directions at large angles on a single scale. This indicates that inhibition generates direction repulsion between transparent components on a single scale, but this inhibition is absent between different spatial scales.
Inhibition under conditions of motion transparency has recently been reported in primate area MT (Snowden et al., 1991) . Furthermore, we have developed a model for motion coherence and transparency (Wilson & Kim, 1994b ) that can account for motion repulsion on a single spatial scale. This model is a simple extension of a previous two-dimensional motion model (Wilson et aL, 1992) . In particular, the Wilson and Kim (1994b) model incorporates competitive inhibition among neural units signaling the direction of pattern motion. This inhibition is an essential aspect of the vector sum computation in the pattern motion stage of the model. The range of directions over which this inhibition operates is restricted to dzl20deg, relative to the pattern unit preferred direction, a restriction that is necessary to permit the motion network to signal transparency for patterns with widely separated component motion directions. The model predicts that transparency on a single spatial scale will be accompanied by direction repulsion of the transparently moving components, and the network predictions are in quantitative agreement with the present data (Wilson & Kim, 1994b) . This model also accurately predicts the dependence of motion repulsion on component speed as shown in Figs 6 and 9. It must be stressed that this direction repulsion is an unavoidable consequence of inhibition in the vector sum computation carried out at the pattern unit stage (Wilson & Kim, 1994a,b) . As such, it is an epiphenomeon that, however, is a signature of recurrent inhibition at the pattern motion level.
In conclusion, the data reported here indicate that there are two distinct aspects to motion transparency: one operating on a single spatial scale and one operating between very different spatial scales. 
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As described in the text, if Wa and Wb are very different, each component will stimulate a different size filter, and thus squaring operation will produce gratings at twice the original spatial frequency which will fail to generate a response in the low-frequency, second filter.
However, if Wa and Wb are very close, the squaring operation will generate not only the squares of the component gratings, which will fail to generate a response in the second filter, but also the product of the two gratings. Spatial frequencies of two new gratings from the product can be easily calculated by applying trigonometric identities. One noteworthy point here is that as the first-stage filters are assumed to be tuned with appropriate orientation bandwidths (Phillips & Wilson, 1984) , the response strengths from the filters depend on the orientations of two component gratings. Accordingly, the component orientations are closer, as are the responses for the new gratings greater. However, this does not impact on showing that the squaring operation in the non-Fourier pathway produces new components which are not in the Fourier spectrum of the stimulus. When ~a and a.~ are identical to o~, the frequencies reduce to 2wcos(0) and 2wsin(0), and the angles become 0 and 90 deg. As the filter following the squaring operation in the non-Fourier motion pathway is tuned 1 octave lower in spatial frequency, it will respond only to the lower of these two frequencies.
APPENDIX B
Application of trigonometric identities to the CM pattern defined in equation (1) shows that it contains three components in addition to the mean luminance term: 
Thus, this CM pattern consists of a linear sum of a stationary component at WH, a low side band at 02M-WH, and a high side band at (A3) WM+~rt. Although this CM pattern indeed contains two moving components of different spatial frequencies, their motion will not be picked up by the Reichardt (1961 ) detector (van Santen & Sperling, 1985 are 1 and 7 c/deg, respectively, and different front-end filters tuned with different spatial frequency bandwidths will process these components independently (Wilson & Gelb, 1984) . However, if the modulation envelope and carrier frequencies are 1.3 and 10.4 c/deg as those used in the experiments, the frequencies of the low and high side bands are 9.1 and ll.7c/deg. As these are close enough to be (A5)
processed by a single front-end filter tuned with a spatial frequency bandwidth (Wilson & Gelb, 1984) but they are moving in opposite directions at the same velocity, they are drift-balanced (Chubb & Sperling, 1989) . Thus, there is no Fourier motion processed in the Fourier motion pathway. Also, note that there is no Fourier energy at the modulation envelope frequency, 02M-The motion of a CM pattern is then detected only following a squaring or rectifying nonlinear transformation in the non-Fourier motion pathway. This operation generates a new signal, which is then analyzed by a standard Reichardt detector. It can be shown that squaring equation (1) produces a moving component at the modulation envelope frequency, WM, by a straightforward application of trigonometric identities. Because this motion component is not present in the Fourier spectrum of the stimulus, it is referred to as a non-Fourier motion component. A two-dimensional CM pattern can be constructed by superimposing two of these CM patterns at different orientations. This is also a non-Fourier pattern. Squaring the sum of two one-dimensional CM patterns generates nineteen new gratings but only the gratings at the modulation envelope frequency will be (A7) processed by the low-pass second filter in the non-Fourier motion pathway.
